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Nuclear localized inositol phospholipids and inositol phosphates are important for regulating
many essential processes in animal and yeast cells such as DNA replication, recombina-
tion, RNA processing, mRNA export and cell cycle progression. An overview of the current
literature indicates the presence of a plant nuclear phosphoinositide (PI) pathway. Inositol
phospholipids, inositol phosphates, and enzymes of the PI pathway have been identiﬁed in
plant nuclei and are implicated in DNA replication, chromatin remodeling, stress responses
and hormone signaling. In this review, the potential functions of the nuclear PI pathway in
plants are discussed within the context of the animal and yeast literature. It is anticipated
that future research will help shed light on the functional signiﬁcance of the nuclear PI
pathway in plants.
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INTRODUCTION
The phosphoinositide (PI) pathway, including the inositol phos-
pholipids and inositol phosphates, is an important regulator of
cellular functions in animals andplants (Meijer andMunnik,2003;
Balla et al., 2009). The PI pathway requires the production of
myo-inositol-3-phosphate (InsP) from glucose 6-phosphate (Glu-
6-P) by myo-inositol phosphate synthase (IPS or MIPS). InsP
can be converted into Ins(1,4,5)P3 by two different routes. In a
lipid-dependent route, inositolmonophosphatase (IMP)produces
inositol (Ins) that is converted to phosphatidylinositol (PtdIns) by
phosphatidylinositol synthase (PIS). PtdIns is the ﬁrst lipid of the
PI pathway. PtdIns can be phosphorylated to phosphatidylinosi-
tol phosphate (PtdIns3P or PtdIns4P and in animals PtdIns5P),
which can be further phosphorylated to phosphatidylinositol bis-
phosphate [PtdIns(3,4)P2,PtdIns(3,5)P2 or PtdIns(4,5)P2], and in
animals, to phosphatidylinositol trisphosphate [PtdIns(3,4,5)P3].
Phospholipase C (PLC) hydrolyzes the lipid PtdIns(4,5)P2 to pro-
duce the second messengers, inositol trisphosphate (InsP3) and
diacylglycerol (DAG). A PtdInsP2 5-phosphatase can decrease
PtdInsP2 and increase PtdIns4P. The alternative lipid independent
route (also known as the inositol phosphate pathway) can usemyo-
inositol phosphate (InsP) and inositol phosphate kinases (IPK) to
generate inositol bisphosphate (InsP2) and inositol trisphosphate
(InsP3). Once formed by either the lipid-dependent or indepen-
dent pathways, InsP3 can be converted to higher polyphospho-
rylated inositol phosphates (including InsP4, InsP5, InsP6, InsP7,
and InsP8) by IPKs. A schematic of the PI pathway including the
enzymes andproducts is shown in Figure 1. For in depth reviews of
the plant PI pathway the reader is directed to: Im et al. (2011),Heil-
mann (2009), Gillaspy (2011), Valluru and Van den Ende (2011).
In animal cells, the nuclear PI pathway is regulated indepen-
dently from the plasma membrane (PM) PI pathway and plays
a critical signaling role in nuclear functions (Irvine, 2003; Bunce
et al., 2006;DiPaolo andDeCamilli, 2006;Gonzales andAnderson,
2006;York,2006; Seeds et al., 2007;Barker et al., 2009;Mellmanand
Anderson, 2009; Barlow et al., 2010; Monserrate and York, 2010;
Tsui and York, 2010; Keune et al., 2011; Ramazzotti et al., 2011).
It is well established that the nuclear phosphoinositides (PIs) reg-
ulate many processes including: nuclear size, nuclear membrane
reassembly, chromatin structure, DNA replication, localization of
transcription factors, transcription, RNA splicing, mRNA export,
and cell cycle progression in animal and yeast cells (as depicted in
Figure 2).
Plants and animals both have a complex nuclear structure
(reviewed in Cheung and Reddy, 2012) and each structural com-
ponent of the nucleus is potentially a site for diverse PIs and PI
pathway-mediated signaling. The structural components include
outer and inner nuclear envelopes (which create a double mem-
brane between the cytoplasm and nucleoplasm generating an
intramembrane space around the nucleus, reviewed in Meier and
Brkljacic, 2009; Boruc et al., 2012), nuclear pore complexes (the
site of active transport between the nucleoplasm and the cyto-
plasm, reviewed in Boruc et al., 2012), nucleoplasm (similar to
cytoplasm), nuclear matrix (structural scaffold for nuclear con-
tent, reviewed in Hancock, 2000), chromatin (DNA, protein and
metabolites that hold together the tertiary structure of DNA), and
nucleoplasmic reticulum (invaginations of the endoplasmic retic-
ulum in the nucleus, reviewed in Malhas et al., 2011). Current
studies of the nuclear membrane in plants and animals sug-
gest a similar mechanism for breakdown and reformation during
nuclear division (reviewed in Rose et al., 2004; Lloyd and Chan,
2006), suggesting a common origin of the nuclear division. Con-
sidering the conservation in nuclear structure, it is not surprising
to ﬁnd that many plant nuclear functions are potential targets of
PI pathway regulation, and evidence is mounting for a nuclear PI
pathway in plants similar to animal and yeast systems.
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FIGURE 1 | Schematic representation of inositol phospholipids and
inositol phosphate metabolism associated with the phosphoinositide
(PI) pathway. A generalized PI pathway is shown. Lipid metabolites are
represented by ovals, inositol and inositol phosphate derivatives are
depicted by boxes and enzymes are underlined.Well characterized
pathways are indicated with bold arrows. Enzymes and metabolites that
have been found in plants to date are shown in red. Enzyme abbreviations
are as follows: IPS, myo-inositol phosphate synthase; IMP, inositol
monophosphatase; PIS, phosphatidylinositol synthase; PI3K, PtdIns
3-kinase; PI4K, PtdIns 4-kinase; PIP5K, PtdIns4P 5-kinase; FAB/PIPKfyve,
PtdIns3P 5-kinase; PI-PLC, PtdIns/PtdInsP-Phospholipase C; IPK, inositol
phosphate kinase; DGK, diacylglycerol kinase; PAK, PtdOH kinase; KCS1,
kinase C suppressor 1 (inositol hexakisphosphate (InsP6) kinase); VIP1,
InsP6, and inositol heptakisphosphate (InsP7) kinase. AnimalType I PtdIns3K
enzyme activity that produces PtdIns(3,4,5)P3 has not been identiﬁed in
plants and is marked with one (*) asterisk. KCS1 and VIP1 activities have
been identiﬁed in yeast and animals and are marked with two (**) asterisks.
In the following sections, we present evidence from the current
literature, for the existence of nuclear PIs in plants and discuss
potential roles of the plant nuclear PI pathway in cell cycle regula-
tion,DNA synthesis, transcription and RNA processing, stress and
hormone responses. However, since our knowledge and under-
standing of the plant nuclear PI pathway is still limited, we are
including relevant examples from the animal and yeast literature
in order to highlight the functional signiﬁcance of these ﬁndings
and to draw the readers’ attention to promising areas for further
investigation.
THE PI PATHWAY ENZYMES ARE PRESENT IN PLANT NUCLEI
Plant PI pathway enzymeshavemultiple isoforms and their expres-
sion, subcellular localization or activities may differ between
isoforms in different developmental stages, cell types or environ-
mental conditions (Mueller-Roeber and Pical, 2002; Heilmann,
2009). Nevertheless,many of the enzymes and lipids of the animal
nuclear PI pathway have been identiﬁed in plant nuclei and these
are listed in Table 1.
Many of the plant PI pathway enzymes exhibit dynamic
and speciﬁc patterns of subcellular localization. The Arabidopsis
PIP5K isoforms are the best studied example. In silico prediction
places several of the AtPIP5K proteins in the nucleus with 1, 4,
5, 6, 9, and 11 containing possible NLS sequences (WoLF PSORT
2011, Horton et al., 2007). To date only GFP-tagged AtPIP5K9
FIGURE 2 | Phosphoinositide pathway functions reported in animal
and yeast nuclei. In animals and yeast, phospholipids and inositol
phosphates are associated with many critical nuclear processes such as
DNA repair, chromatin remodeling and RNA editing and export as described
in the text. Nuclear enzymes affected by the PI pathway include:
polyadenylate polymerase (PAP), topoisomerase, DNA polymerase and
RNA polymerase. Nuclear proteins include: transcription factors (TF),
inositol phosphate kinase 2 (IPK2, with transcription factor activity), inositol
trisphosphate receptor (InsP3R), histone H1 (H1), histones 2A, 2B, 3 and 4
(Histone Octomer). Nuclear complexes include: DNA repair complex with
Non-homologous end joining (NHEJ), RNA editing, mRNA export,
Spliceosome, Remodeling complexes, Telomerase complex and the
NPC – nuclear pore complex. Data are from both in vivo and in vitro assays.
Small circles represent different phospholipids and small squares represent
different inositol phosphates as indicated.
has been shown to localize to both the nucleus and the PM in
transient expression assays in onion cells (Lou et al., 2007), but
many of the other AtPIP5K isoforms have been found localized to
the PM (Kusano et al., 2008; Stenzel et al., 2008; Camacho et al.,
2009; Ischebeck et al., 2011). Transient GFP expression studies can
provide results that are difﬁcult to interpret and PIP5Ks turnover
rapidly and are difﬁcult to detect with antibodies (Camacho et al.,
2009). Biochemical studies have shown PIP5K activity associated
with isolatednuclei (Hendrix et al., 1989;Dieck et al.,unpublished)
suggesting the presence of a nuclear localized PIP5K, therefore it
will be important to determine whether the PIP5Ks transiently
localize to the nucleus.
Nuclear PI-PLC activity has also been demonstrated in plants
using PtdIns as a substrate (Pfaffmann et al., 1987); however
the nuclear PI-PLC isoforms have not been identiﬁed. Of the
nine AtPLC proteins in silico prediction suggests that AtPLC6
(AT2G40116), AtPLC4 (AT5G58700) and AtPLC1 (AT5G58670)
may be nuclear targeted (WoLF PSORT 2011,Horton et al., 2007).
More genetic,biochemical and in vivo anddata areneeded todelin-
eate the localization and effects of the nuclear versus PM localized
PIP5Ks, PI-PLCs and other PI pathway enzymes on plant growth
and development.
THE PI PATHWAY LIPIDS ARE PRESENT IN PLANT NUCLEI
The nuclear envelope encloses the nucleus and creates a barrier
between the nucleoplasm and the cytoplasm, and is the ﬁrst point
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Table 1 | Phosphoinositide pathway enzymes reported in plant nuclei.
Enzyme name Abbreviation Copy no. Nuclear isoform Nuclear
activity
Citations
Myo-inositol synthase MIPS, IPS 3 IPS1 Nd Meng et al. (2009)
Phosphatidylinositol-3-kinase PI3K 1 PI3K Yes Bunney et al. (2000)
Phosphatidylinositol-4-kinase PI4Kα, PI4Kβ 4 PI4Kβ1 Yes Koroleva et al. (2005),
Bunney et al. (2000),
Hendrix et al. (1989)
Phosphatidylinositol-4-phosphate 5-kinase PIP5K 11 AtPIP5K9 Yes Lou et al. (2007),
Hendrix et al. (1989)
Phosphatidylinositol – phospholipase C PI-PLC 9 Nd Yes (PtdIns
only)
Pfaffmann et al. (1987)
Diacylglycerol kinase DAGK, DGK 7 AtDGK1, AtDGK2 Yes Vaultier et al. (2008),
Wissing andWagner (1992),
Hendrix et al. (1989)
Phosphatic acid kinase PAK Nd Nd Yes Bunney et al. (2000)
Inositol phosphate kinase IPK, IMPK 2 At IPK2α, At IPK2β Nd Xu et al. (2005),
Xia et al. (2003)
Inositol (1,3,4) P3 5/6-kinase ITPK 4 At ITPK2, At ITPK1-1 Nd Koroleva et al. (2005),
Qin et al. (2005)
Inositol 5-phosphatase 5Ptase 15 At5Ptase13, At5Ptase7 Nd Ananieva et al. (2008),
Kaye et al. (2011)
for signaling in the nucleus (reviewed Boruc et al., 2012). The
ratios of phospholipids in plant nuclei have been determined, e.g.,
PtdCho>PtdEtn>PtdIns>PtdSer (Philipp et al., 1976). PtdIns
constitutes between 8 to 15% of the total phospholipids in differ-
ent nuclear fractions (onions roots and stems, Philipp et al., 1976;
wheat seedlings, Minasbekyan et al., 2004; tobacco cells grown in
suspension culture, Dieck et al., unpublished results). Sub-nuclear
localizationof the lipids is also important. Inwheat embryos 3 days
after germination,PtdInswas found inboth thenuclearmembrane
and chromatin, while PtdOH was found in the nuclear mem-
brane, but was not associated with chromatin. While only the dry
embryos had PtdOH associated with the chromatin (Minasbekyan
et al., 2004), the nuclear membrane and chromatin had similar
ratios of most lipids. Additionally, multiple labs have demon-
strated the presence of PtdInsP2 in the plant nucleus either directly
(König et al., 2008) or through YFP-PH domain constructs that
bind PtdInsP2 (Mishkind et al., 2009) and phosphatidylinositol-
4-phosphate 5-kinase (PIP5K) activity has been identiﬁed in the
plant nucleus (Hendrix et al., 1989; Dieck et al., unpublished
results) highlighting the localization of PtdInsP2 and at least one
plant PIP5K isoform to the nucleus. Importantly, the percentage of
polyunsaturated fatty acids (PUFAs) in nuclear-enriched fractions
of PtdIns, PtdInsP, and PtdInsP2 are different from those found in
the PM (König et al., 2008), suggesting subcellular speciﬁcity of
lipid fatty acid composition.
The phospholipid composition of plant and animal nuclear
membranes is conserved. The amount and location of phospho-
lipids in animal nuclei and their effects on nuclear processes
have been well studied (reviewed Irvine, 2003). Animal nuclei
and nuclear membranes have a phospholipid proﬁle similar
to plant nuclei of PtdCho>PtdEtn>PtdIns>PtdSer (Kleinig,
1970). This general proﬁle is also very similar to lipids in the PM
(Kleinig, 1970). PtdIns comprises about 10% of the phospholipids
in the nucleus, comparable to the amount in the PM, and many
of the PI pathway enzymes and lipids have been identiﬁed in the
nucleus (reviewed in Irvine, 2003; Bunce et al., 2006; Di Paolo
and De Camilli, 2006; Gonzales and Anderson, 2006; York, 2006;
Barker et al., 2009; Mellman and Anderson, 2009; Barlow et al.,
2010; Monserrate and York, 2010; Tsui and York, 2010; Gillaspy,
2011; Keune et al., 2011; Ramazzotti et al., 2011). Although most
lipids in animal and plant nuclei identiﬁed so far are similar, it is
likely that species-speciﬁc inositol lipids and other uncharacter-
ized inositol lipids will be found in the nucleus of plants, animals
and yeast. For example, in yeast, a very-long-chain fatty acid PtdIns
lipid species with 26 carbons (26:0) is present in both the nuclear
membrane and PM. The PtdIns 26:0 lipid species could help stabi-
lize highly curved membrane domains and may be important for
the formation of the nuclear pore complex (Schneiter et al., 2004).
Animal nuclei have similar inositol phospholipids to plant
nuclei including PtdIns, PtdInsP and PtdInsP2, as well as the
animal-speciﬁc lipid PtdInsP3 (Garnier-Lhomme et al., 2009).
Data from animal cells suggests that the polyphosphorylated inos-
itol phospholipids may be involved in nuclear membrane fusion.
Analysis of nuclear envelope remnants from0.1%non-ionic deter-
gent extraction using mass spectrometry (HPLC-ESI-MS/MS)
revealed high levels of phosphorylated inositol phospholipids
(12% PtdInsP and PtdInsP2, and 9% PtdInsP3) compared to total
nuclear lipids (Garnier-Lhomme et al., 2009). Isolated vesicles
associated with nuclear membrane fusion also contain high inos-
itol phospholipid levels as determined by lipid mass spectrometry
(20% PtdIns, 20% PtdInsP, 10% PtdInsP2, and 10% PtdInsP3;
Byrne et al., 2007). These vesicles have a higher propensity for
fusion (Zhendre et al., 2011) as well as enhanced PLCγ associa-
tion (Byrne et al., 2007). Nuclear membrane assembly normally
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requires GTP for Ran-mediated activity; however, the addition of
PI-PLC can overcome this requirement, and cause nuclear mem-
brane fusion without added GTP. The DAG formed by PI-PLC has
been shown to induce nuclear membrane vesicle fusion (Barona
et al., 2005). Current studies of the nuclear membrane in plants
and animals suggest a similar mechanism for breakdown and ref-
ormation during nuclear division (reviewed in Rose et al., 2004;
Lloyd and Chan, 2006), which suggests the PI pathway may also
be important in plant nuclear membrane fusion/reassembly.
The outer nuclear membrane, which is contiguous with the
endoplasmic reticulum, allows for crosstalk between the nucleus
and other cellular compartments like the cytosol and ER in plants
and animals (reviewed in Raben et al., 1994; Boruc et al., 2012).
In animals, sites for synthesis of PtdIns, PtdInsP, and PtdInsP2
are found in the outer nuclear envelope and the ﬂow of PI lipids
between the outer and inner nuclear envelope gives evidence that
changes in the PI lipids between envelopes are connected (Slomi-
any and Slomiany, 2011). Nuclear lipids and inositol phosphates
can also affect signal transduction via ion channels and mem-
brane bound receptors which regulate the amount of calcium and
other ion transport from the intramembrane space across either
the outer or inner nuclear membrane (Matzke et al., 2010). It is
hypothesized that nuclear calcium signaling can be independent
of cytosolic signaling both in animals and plants (Fedorenko et al.,
2010; reviewed inMalviya andRogue,1998; Pauly et al., 2000).One
of the receptors found in animals that can control calcium ﬂux
is the inositol trisphosphate receptor (InsP3R). InsP3-mediated
nuclear calcium signals have been measured even when cytosolic
InsP3 signals are inhibited by heparin, which competes with the
cytosolic InsP3-binding site but which can not cross the nuclear
pore (Chamero et al., 2008). In animal cells, the InsP3R has been
identiﬁed in the nucleoplasm (Huh and Yoo, 2003) and on the
inner nuclear membrane (Malviya, 1994) providing further evi-
dence for an InsP3 response in the nucleus. The nucleoplasmic
reticulum connects the endoplasmic reticulum and outer nuclear
envelope to the intranuclear space (reviewed in Bootman et al.,
2009). Nuclear calcium signals have been localized to a nucleo-
plasmic reticulum in animals (Echevarría et al., 2003) and it is
possible the InsP3R receptors localize to the nucleoplasmic reticu-
lum. In plants nuclear invaginations similar to the nucleoplasmic
reticulum have been observed (Collings et al., 2000), which pro-
vides a structural context for localized nuclear signaling in plants.
Although a homolog for the animal InsP3R has yet to be identiﬁed
in plants (Krinke et al., 2007) a number of studies have shown that
InsP3 or other inositol phosphates play signaling roles in plants
(reviewed in Im et al., 2010; Munnik and Nielsen, 2011), leaving
the possibility for a non-canonical InsP3 receptor in plants.
The nuclear matrix is a protein scaffold that supports the
nucleus and creates structure for chromatin localization. Ani-
mal nuclear matrix PI pathway enzyme activities revealed phos-
phatidylinositol 4-kinase (PI4K) activity associated with the
nuclear periphery and PIP5K, PLC, and diacylglycerol kinase
(DAGK) activities associated with the inner nuclear matrix
(Payrastre et al., 1992). Intranuclear as well as nuclear matrix asso-
ciated enzyme activities (as reviewed in Irvine, 2003; Cocco et al.,
2009) suggest that PI pathway enzymes in the nucleus are not
just nuclear membrane contamination, but could be speciﬁcally
localized to particular sub-nuclear areas for speciﬁc nuclear func-
tions. The presence of PI lipids and enzymes (Table 1) in plant
nuclei makes a compelling argument that there is a plant nuclear
PI pathway as well (Hendrix et al., 1989; Bunney et al., 2000;
Minasbekyan et al., 2004, 2008; König et al., 2008; Mishkind et al.,
2009).
THE PI PATHWAY AND CELL CYCLE CONTROL
Changes in phosphoinositides during the cell cycle have been doc-
umented in plants. In coffee plants induction of somatic embryo-
genesis with hormones causes a transient increase in PI pathway
activity followed by decreased activity as measured by [γ32P]ATP
labeling of endogenous PtdIns3P and PtdIns4P (Ek-Ramos et al.,
2003). Treatment with the PI3/4K inhibitor wortmannin (5μM)
delayed development during somatic embryogenesis, speciﬁcally
the differentiation from heart to torpedo stages. Treatment was
time sensitive, 5μM wortmannin for 8 days resulted in accumu-
lation of globular and torpedo stages while 38 days of treatment
resulted in accumulation of globular and heart stages (Ek-Ramos
et al., 2003). This shift suggests that blocking the PI path-
way inhibits differentiation; however, because blocking the lipid
kinases can have pleiotropic effects on membrane biogenesis and
cytoskeletal structure, the results of these treatments are difﬁcult
to interpret.
Additional inhibitor studies suggest a requirement for inositol
for cell cycle progression in plants. Treatment of rose cells with
lithium chloride (an inositol biosynthesis inhibitor) inhibited cell
growth, and the addition of inositol overcame this inhibition (Das
et al., 1987). Inhibition of myo-inositol productionwith deoxyglu-
cose also inhibited cell cycle progression which could be overcome
with exogenousmyo-inositol (Biffen andHanke, 1990). These data
emphasize the importance of inositol for plant cell growth, but do
not demonstrate a direct role for the PI pathway. It is essential to
recall that inositol is an important plant metabolite essential for
cell wall biosynthesis, ascorbic acid biosynthesis and can regulate
carbon ﬂux through glycolysis (Loewus and Murthy, 2000). The
multiple functions of inositol in plant cells make it particularly
difﬁcult to interpret studies that alter de novo inositol synthesis.
A variety of experiments connect the animal nuclear PI pathway
with cell cycle progression. Inhibitionof PLCβ1by expressionof an
antisense PLCβ1 transcript caused inhibition of cell cycle progres-
sion induced by the growth factor IGF-I. Conversely, when PLCβ1
was overexpressed increased cell cycle progression was detected
(Manzoli et al., 1997).Overexpression of a nuclear localizedPLCβ1
increased cell cycle progression even in serum starved cells that
would not have progressed through the cell cycle (Faenza et al.,
2000). Nuclear localization of overexpressed PLCβ1 was critical
for inhibition of differentiation of erythroleukemia cells, while a
mutant cytosolic PLCβ1 did not inhibit differentiation (Matteucci
et al., 1998). In addition, PI-PLC speciﬁc inhibitors led to G2 cell
cycle arrest (Sun et al., 1997), while a PC-PLC speciﬁc inhibitor
did not. Inhibition of nuclear PLC is a current target of cancer
therapy (reviewed Cocco et al., 2009).
After synchronization of animal cells, in the G1/S phase
radioactive analysis of isolated nuclei showed increased activity
of PIP5K, PI4K and DAGK resulting in increased production
of [32P] PtdInsP2, [32P] PtdInsP and [32P] PtdOH, respectively
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(Clarke et al., 2001). Steady state levels of the nuclear phospho-
inositides PtdIns4P and PtdIns5P were found to increase while
a trend toward decreased PtdInsP2 was observed (Clarke et al.,
2001). These results suggest that there is an increase in PtdInsP2
turnover probably caused by the increased nuclear PLCβ1 during
cell cycle progression even though PIP5K activity is increased.
Localization of the increased PIP5K activity could also be at
speciﬁc sub-nuclear sites.
Changes in the fatty acid proﬁle of nuclear PtdInsP2 have
also been measured during cell cycle progression in animal cells.
Decrease of nuclear PtdInsP2 during S phase progression can be
speciﬁc for certain lipid molecular species (LMS), for example,
HeLa cell nuclei showed decreased PtdInsP2 with a fatty acid com-
position of 34:0 during S phase progression (Ogiso et al., 2010).
Surprisingly, nuclei contained a much lower amount of arachi-
donic acid containing lipids (for example 38:4) compared with
whole cell lipids (Ogiso et al., 2010). This suggests that the fatty
acid composition of the nuclear PI lipids may be important for
their regulation and localization, independent of the cytoplasm
and PM.
Cell cycle regulation can culminate in cellular death or
apoptosis. In animal cells, Type I PI3K enzymes phosphorylate
PtdIns(4,5)P2 to PtdIns(3,4,5)P3 which is a well known regulator
of apoptosis. The control of the amount of nuclear PtdInsP3 by
speciﬁc PI3K and the PtdInsP3 speciﬁc phosphatase, phosphatase
and tensin homolog deleted on chromosome 10 (PTEN), regu-
lates cellular survival with more PtdInsP3 leading to proliferation
and less PtdInsP3 leading to cellular death and cell cycle arrest
(Reviewed by Gil et al., 2007). Additional roles for the PTEN and
PI3K proteins that do not require their inherent lipid phosphatase
or lipid kinase activity have been discovered (Bondeva et al., 1998;
Song et al., 2011). Interestingly, Pribat et al. (2012) recently char-
acterized two novel plant PTENproteins inA. thaliana,AtPTEN2a
andAtPTEN2b,which utilize PtdIns3P instead of PtdIns(3,4,5)P3.
This reveals a potential plant-speciﬁc nuclear signaling pathway
since plants have a nuclear PI3K which could produce PtdIns3P
(Bunney et al., 2000) as a possible substrate for a PTEN2 protein.
THE PI PATHWAY AND DNA SYNTHESIS
In plants, components of the PI pathway may regulate DNA syn-
thesis. In soybean cells, inhibitionof PLCactivitywith the chemical
inhibitorU-73122 (5μMconcentration) decreased InsP3 and con-
comitantly decreased DNA synthesis by >30%. When MS media
was added with the PLC inhibitor U-73122, soybean cells did not
show signiﬁcantly decreased DNA synthesis. PLC activity, mea-
sured by InsP3 produced, was higher under MS salt conditions
compared with a water control, suggesting that an U-73122 resis-
tant PLC activity could still produce enough InsP3 and/or InsP2
to activate DNA synthesis (Shigaki and Bhattacharyya, 2002) and
raises the intriguing possibility that inhibitor action on enzymes
may be affected by the subcellular localization of enzymes. Human
DNApolymeraseαhas been shown to be activated by InsP2 in vitro
(Sylvia et al., 1988), but the affect of inositol phosphates on plant
DNA polymerases has not been studied. As previously discussed,
PI-PLC activity with PtdIns substrate has been detected in plant
nuclei (Pfaffmann et al., 1987) although the speciﬁc nuclear local-
ized isoform has not been identiﬁed. It is likely that cell cycle or
cellular developmental stages will control the nuclear localization
of these PLCs as is found in animal cells.
In animals, lipids in the PI pathway have been shown to inter-
act with DNA and may regulate DNA replication (reviewed in
Koiv et al., 1995; Kuvichkin, 2002). Studies have shown PtdInsP
to decrease α, δ, and ε DNA polymerase activity (Shoji-Kawaguchi
et al., 1995). The inhibition of polymerase activity was not con-
ﬁned to PtdInsP as PtdIns inhibited DNA polymerase ε activity
and PtdOH inhibited DNA polymerase α and ε activity. The fatty
acid composition of PtdIns was a critical factor (Shoji-Kawaguchi
et al., 1995) as plantPtdIns (enriched in linoleic (18:2) andpalmitic
acids (16:0)) inhibited both DNA polymerase α and ε, while ani-
mal PtdIns (enriched with arachidonic acid) only inhibited DNA
polymerase ε. Furthermore, Ishimaru et al. (2010) showed that
animal topoisomerases I and II (involved in DNA synthesis) could
be inhibited by PtdOH. Topoisomerase II activity was also inhib-
ited by PtdIns (Ishimaru et al., 2010) and by PtdInsP2 (Lewis et al.,
2011). The results indicate that speciﬁc isoforms of DNA poly-
merase and topoisomerase can be regulated by selective lipids
in the PI pathway. It will be interesting to see if plant DNA
polymerases and topoisomerases are regulated by inositol phos-
pholipids and inositol phosphates as suggested by research from
Shigaki and Bhattacharyya (2002).
THE PI PATHWAY AND REGULATION OF TRANSCRIPTION
AND RNA PROCESSING
The PI pathway may play a role in transcription in plants. Exoge-
nously added PtdIns4P and PtdIns5P caused differential gene
expression in A. thaliana (Alvarez-Venegas et al., 2006b), although
the mechanisms of the phospholipid effects are unknown. Deter-
gent resistant PI3K and PI4K activities were detected in soybean
nuclei, and the PI3K protein showed intranuclear localization that
coincidedwith sites of BrUTP incorporation (Bunney et al., 2000).
However, an increase in PI3K activity is associated with root nod-
ule formation (Hong and Verma, 1994) and a YFP-2xFYVE con-
struct that recognizes PtdIns3P (the product of PI3K) co-localizes
with endocytic vesicles in vivo (Vermeer et al., 2006). These results
indicate PtdIns3P has a prominent role in vesicle trafﬁcking in
plants. Speciﬁc functions of PtdIns3P, PtdIns4P, and PtdIns5P in
plant nuclei have yet to be determined.
Some insights into the function of the PI pathway intermedi-
ates in transcription and RNA processing can be gleaned from
the animal and yeast literature. Inositol phospholipids and/or
inositol phosphates affect RNA processing from transcription to
mRNA export. Early studies tested the affect of lipids on tran-
scriptional activity by adding lipid vesicles to isolated nuclei.
PtdIns decreased total RNA synthesis, while vesicles of another
phospholipid, phosphatidylserine, could increase RNA synthesis
(Manzoli et al., 1982). A later study examined the effect of PtdIns,
PtdIns4P, PtdInsP2, and PtdIns(3,4,5)P3 on transcription in vitro
in the presence of chromatin and histone H1 (Yu et al., 1998).
PtdInsP2 decreased the inhibition of RNA polymerase activity by
H1 by 62% (Yu et al., 1998). This effect is speciﬁc for PtdInsP2 as
PtdIns4P and PtdIns(3,4,5)P3 decreased RNA polymerase inhibi-
tion by less than 15% and PtdIns had no effect. PtdInsP2 tran-
scription activation may be indirect through the regulation of
histone H1; however, antibodies to PtdInsP2 immunoprecipitated
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RNA polymerase and transcription factors from nuclear extracts
suggesting a more direct interaction between PtdInsP2 and the
transcriptional machinery including RNA polymerase (Osborne
et al., 2001; Lewis et al., 2011). PtdInsP2 also appears to be impor-
tant for transcription in vivo; the mutant in the nuclear PIP5K
skittles in D. melanogaster had decreased transcriptionally active
chromatin compared with wild type (Cheng and Shearn, 2004).
RNA polymerase activity is also affected by transcription fac-
tors that bind other lipid and inositol phosphate components of
the PI pathway. For example, Gozani et al. (2003) showed that
the plant homeodomain (PHD) ﬁnger of tumor suppressor pro-
tein INhibitor of Growth 2 (ING2) bound speciﬁcally to PtdIns5P,
and that increases in PtdIns5P in vivo affected the localization
of endogenous ING2 visualized by immunohistochemistry. Tran-
scription factors with novel phosphoinositide binding domains
continue to be identiﬁed like the human transcription factors
LRH-1 and SF-1, which are NR5 orphan nuclear receptors. The
ligands for these receptors had not been identiﬁed, but a crys-
tal structure suggested lipid binding and in vitro assays showed
speciﬁc binding to PtdIns(3,5)P2 and PtdIns(3,4,5)P3 (Krylova
et al., 2005) suggesting that these NR5 receptors are inositol
phospholipid receptors similar to ING2. Additionally, PtdIns5P
labeled with Bodipy-TR, PtdIns3P-Bodipy-TR, and PtdIns4P-
Bodipy-TR showed qualitatively distinct nuclear ﬂuorescence pat-
terns (Gozani et al., 2005). Arabidopsis contains 83 PHD ﬁnger
containing proteins with many similar to ING2 that may bind
inositol phospholipids or inositol phosphates (Lee et al., 2009).
These results suggest that each plant nuclear PI lipid may have spe-
ciﬁc sub-nuclear localization and potential effects on unidentiﬁed
lipid binding transcription factors.
In addition to phospholipids in the PI pathway, IPK and the
inositol phosphates have been shown to regulate transcription.
First discovered asArg82, a protein component of a transcriptional
complex needed for arginine speciﬁc responses in yeast, IPK2 has
been identiﬁed as a regulator of transcriptional complexes (Odom
et al., 2000). The inactive IPK2 enzyme did not recover an IPK2
mutant phenotype, suggesting that the inositol phosphate prod-
ucts of IPK2, InsP4 or InsP5, are important for transcriptional
control. Further research is needed in order to understand the role
of the PI pathway in transcriptional regulation as IPK2 mutants
also have defects in chromatin remodeling (Steger et al., 2003),
which can mimic a transcription factor defect.
mRNA processing is an important step to ensure the correct
template for translation prior to mRNA export. PtdInsP2 has been
identiﬁed in nuclear speckles associated with RNA processing and
depletion of nuclear PtdInsP2 decreased mRNA splicing (Osborne
et al., 2001). Polyadenylation of mRNA transcripts is an important
step inmRNAprocessing and a non-canonical poly-A polymerase,
Star-PAP, has been identiﬁed that is activated by PtdInsP2 in vitro
and in vivo. Star-PAP binds the human HsPIP5K1α and during
hyperosmotic stress HsPIP5K1α and Star-PAP regulate a number
of speciﬁc mRNAs through PtdInsP2 dependent poly-A tail elon-
gation (Mellman et al., 2008). Independent of the hyperosmotic
stress response, HsPIP5K1α and Star-PAP are recruited by protein
kinaseC δ (PKCδ) to regulate theDNAdamage/apoptosis response
gene BIK by increasing BIK transcript poly-A tail length and
subsequently increasing BIK protein expression (Li et al., 2012).
Along with mRNA polyadenylation, some mRNA and tRNA
transcripts undergo further processing known as RNA editing
wherenucleotides are replaced in theRNA transcript. The enzymes
for both mRNA editing (ADAR2) and tRNA editing (ADAT1)
bind InsP6 and require InsP6 for enzyme stability as well as for
ADAR2 activity (Macbeth et al., 2005). The requirement for InsP6
in mRNA editing highlights the need for the study of the inositol
phosphate pathway in thenucleus as select nuclear processes canbe
important for producing the correct mRNA sequence, which will
affect the ﬁnal protein sequence and expression. Efﬁcient export
of mRNA can also require InsP6 and the PI pathway (York et al.,
1999; Alcázar-Román et al., 2006; Weirich et al., 2006).
The combinatorial regulation and complexity of the animal
nuclear PI pathway is highlighted by the existence of cell signal-
ing pathways regulated by HsPIP5K1α, the necessity of PtdInsP2
for mRNA splicing and inositol phosphate requirements in RNA
editing. Roles of the plant nuclear PI pathway in mRNA splicing,
polyadenylation and stability have yet to be described.
THE PI PATHWAY AND CHROMATIN REMODELING IN
PLANTS AND ANIMALS
Chromatin is made up of DNA and proteins. The structure of
the chromatin controls replication, transcription and localization
of the DNA. Basic chromatin structure can be divided into two
functional states: repressed or non-active chromatin (heterochro-
matin) and open or active chromatin (euchromatin). The affect of
the PI pathway on chromatin remodeling in plants is still unclear,
while a number of studies have shown the PI pathway is important
for histone modiﬁcation and chromatin remodeling in animals.
At least one plant chromatin remodeling enzyme that is sen-
sitive to PI pathway lipids has been described. The chromatin
remodeling protein ATX1, a histone trimethyltransferase, has a
PHD that binds PtdIns5P (Alvarez-Venegas et al., 2006a). Localiza-
tion of ATX1 is affected by the lipids in the cell. Exogenously added
PtdIns5P results in the relocalization of ATX1 from the nucleus
to the PM and subcellular vesicles, and the ATX1-dependent
H3K4 trimethylation is decreased (Alvarez-Venegas et al., 2006a).
In vivo, overexpression of the PM localized phosphoinositide 3-
phosphatase myotubularin (MTM), that hydrolyzes PtdIns(3,5)P2
to increase PM PtdIns5P, causes ATX1 localization to the PM
(Ndamukong et al., 2010). It will be interesting to investigate the
effect of increased nuclear PtdIns5P on ATX1 localization. We
anticipate that further investigations will identify other chromatin
remodeling and transcription factors that bind to the PI pathway
components in plants.
Histone modiﬁcation and chromatin remodeling are affected
by PI pathway lipids and inositol phosphates in animals. Lipid
analysis of isolated animal chromatin revealed that different
amounts of lipids are associated with heterochromatin and
euchromatin. In addition, higher turnover rates of lipids are
associated with euchromatin (Rose and Frenster, 1965). Further-
more, hydrolysis of nuclear phospholipids via PLC changes the
chromatin structure (Maraldi et al., 1984).
The skittles mutant in D. melanogaster, which lacks the nuclear
localized PIP5K,has hyperphosphorylated histoneH1, a biochem-
ical marker of hyper-compacted heterochromatin (Cheng and
Shearn, 2004). Yu et al. (1998) showed that both histones H3 and
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H1 could bind to PtdIns(4,5)P2 and that a speciﬁc binding site for
PtdIns(4,5)P2 in the C terminal tail of histone H1 overlapped with
a phosphorylation site, suggesting that lipid binding could affect
histone phosphorylation. In addition to the affect of PtdInsP2 on
histoneH1 function, remodeling complexes are also affected by the
PI pathway. The Brg-associated factor (BAF) remodeling complex
in animals binds PtdInsP2 (Rando et al., 2002), and PtdInsP2 acti-
vates/stabilizes BAF chromatin binding and activity (Zhao et al.,
1998). Small metabolites, like the inositol phosphates, can also
affect remodeling complex activities (reviewed in Burgio et al.,
2010). Particular inositol phosphates have speciﬁc activities, for
example InsP6 has an inhibitory effect on remodeling complexes,
while InsP4 and InsP5 can activate similar complexes (Shen et al.,
2003). Changes in the inositol phosphateswere also shown to affect
chromatin remodeling in vivo (Steger et al., 2003).
THE PI PATHWAY AND PLANT STRESS RESPONSES
A variety of PI pathway enzymes are important for the regula-
tion of stress responses, and some of these proteins localize to the
nucleus, suggesting a direct nuclear signaling capacity (Gillaspy,
2011). Both 5Ptase13 and 5Ptase7, members of a large family of
5Ptase enzymes in plants, have been localized to the nucleus and
are required for different stress responses. 5Ptase13 interacts with
SnRK1 and regulates responses to sugar and nutrient stress by sta-
bilizing SnRK1 activity (Ananieva et al., 2008). The 5Ptase7 is both
nuclear, and PM localized and may help modulate the response to
salt stress as 5Ptase7 mutants are hypersensitive to salt. Salt stress
induced reactive oxygen species (ROS) in the nucleus (asmeasured
by H2DCFDA ﬂuorescence) and stress responsive transcripts are
signiﬁcantly reduced in 5Ptase7 mutants compared with wild type
plants (Kaye et al., 2011).
Plant phosphate stress is an important agronomic concern, and
phosphate sensing has been linked to inositol phosphates in yeast.
The phenotype of the IPK1 mutation in A. thaliana suggests that
the PI pathway also is important for phosphate sensing in plants.
When IPK1 is mutated, the IPK1 transcript decreased 70% and the
total InsP6 decreased by 82.5% in seeds and over 90% in seedlings
(Stevenson-Paulik et al., 2005). ipk1 plants exposed to normal lev-
els of phosphate continue to accumulate phosphate as if they were
lacking phosphate and ultimately suffer from phosphate toxicity
suggesting that IPK1 (or its inositol phosphate product InsP6) is
important for normal phosphate sensing. ipk1 mutant plants are
also more susceptible to pathogens; however, the fact that not all
InsP6-deﬁcient plants are pathogen sensitive suggests that a selec-
tive pool of InsP6 or IPK1-sensitive responses control pathogen
response (Murphy et al., 2008). Decreased IPK1 activity in the
ipk1 mutant also leads to an accumulation of InsP5, which has a
role in increasing jasmonic acid (JA) sensing, and can affect the
pathogen response as discussed below.
Cellular PtdInsP2 production was increased sixfold with a
heat stress treatment of 40˚C for 30min, and heat stress also
caused accumulation of the YFP-PH domain (capable of bind-
ing PtdInsP2) in the nucleus of Arabidopsis cells (Mishkind et al.,
2009). Increased nuclear PtdInsP2 could result from increased
nuclear localization or activation of PIP5K or decreased PtdInsP2
catabolism. The biological relevance of increased YFP-PH accu-
mulation in the nucleus is not yet clear since the high temperature
may affect membrane dynamics. Membrane-associated PtdInsP2
has been shown to increasewith senescence (Borochov et al., 1994).
Similar to the previously discussed fatty acid composition
changes in the animal nuclear PI pathway during the cell cycle
(Ogiso et al., 2010), dynamic and transient changes in the fatty acid
composition of PI pathway lipids can occur during stress in plants
(König et al., 2007). In response to hyperosmotic stress there was a
transient increase in PUFAs in total cellular PtdInsP and PtdInsP2
and a decrease in the PUFAs in PtdIns.When cell membranes were
fractionated, the transient (15min) changes in the PM PtdIns and
PtdInsP2 were consistent with the whole cell data; however, the
lipids in the nuclear-enriched fraction from stressed plants did
not show a similar PUFA proﬁle (König et al., 2008). These data
are consistent with a separate and dynamic nuclear PI signaling
pool.
THE PI PATHWAY AND PLANT DEVELOPMENT
There is evidence that in plants the expression of PI pathway
enzymes and lipid content changewith developmental progression
revealing further similarity to the animal PI pathway. For example,
during embryo development and seedling germination, a variety
of environmental hormonal and developmental cues are trans-
mitted to the nucleus. As previously discussed, during somatic
embryogenesis different stages of embryogenesis showed differ-
ences in the activity of PI3K and PI4K, suggesting that a particular
point of development requires the PI pathway (Ek-Ramos et al.,
2003). Direct changes in the nuclear PtdIns content and distri-
bution can be seen in nuclei isolated during wheat germination
(Minasbekyan et al., 2004, 2008). In germinating wheat, changes
were observed in both the nuclear membrane and soluble nuclear
PI pathway lipids (Minasbekyan et al., 2008). PtdIns was contin-
uously present in the nuclear membrane at day 3 and day 4, but
PtdIns in the nucleoplasmic fraction was only observed on day 4.
Gibberellin (GA) treatment increased nucleoplasmic PtdIns sug-
gesting that nuclear PtdIns might be a by-product of increased
lipid trafﬁcking or might be part of a novel GA regulatory loop
that uses PtdIns for nuclear signaling.
Heterologous expression and mutation of enzymes in the PI
pathway have revealed potential effects of the PI pathway on the
development and differentiation of plants. For example, expres-
sion of PI-PLC2 from Brassica napus in canola increased the speed
of development by 1week, resulting in early ﬂowering and an
increased number of branches (Georges et al., 2009). The subcellu-
lar localization of BnPI-PLC2 in canola was not reported; however,
increases in animal nuclear PI-PLC proteins have similar affects in
that there is increased cell cycle progression and changes in cell
determination (reviewed Cocco et al., 2009). While it is possible
that BnPI-PLC2 directly affects nuclear function in plants, indi-
rect effects through regulation of transcription or phytohormones
cannot be ruled out.
The A. thaliana inositol kinase IPK2β is a homolog of the yeast
IPK2 InsP3/InsP4 dual-speciﬁcity 6-/3-/5-kinase, which phospho-
rylates InsP3 to InsP4, and InsP5 (Stevenson-Paulik et al., 2002).
Expression of At IPK2β in tobacco resulted in similar phenotypes
to expression of BnPI-PLC2 in canola (Georges et al., 2009). A
slight increase in growth rate and an increased tolerance to abi-
otic stresses was observed in At IPK2β expressing plants (Yang
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et al., 2008). As previously mentioned, IPK2 the yeast homolog
of At IPK2β, can act as a transcription factor (Odom et al., 2000).
At IPK2β also localizes to the nucleus and, in yeast, complemented
the ipk2 mutation (Xia et al., 2003; Yang et al., 2008) suggesting an
additional role for At IPK2β as a transcription factor. Constitutive
expression of At IPK2β in tobacco increased expression of stress
regulated genes under normal growth conditions, providing evi-
dence that At IPK2β and/or it is inositol phosphate products can
affect transcription in plants (Yang et al., 2008).
A second isoform of At IPK2,At IPK2α, was localized to the PM
and nucleus by GFP ﬂuorescence. Reduction of At IPK2α protein
and transcript by expression of an antisense construct increased
root growth and pollen germination (Xu et al., 2005). The increase
in root growth with decreased At IPK2α expression and increased
growth ratewith heterologous expressionof At IPK2βdemonstrate
that different isoforms of the same enzyme from A. thaliana can
have different effects on growth and development.
Another IPK, A. thaliana inositol (3,4,5) trisphosphate 5/6-
kinase (At ITPK1), has been localized to the plant nucleus by GFP
ﬂuorescence (Qin et al., 2005). Moreover, At ITPK1 was shown to
interact with the nuclear protein complex the COP9 signalosome
(CNS) that controls response to various stresses and developmen-
tal cues in plants. Mutants in At ITPK1 also showed decreased
hypocotyl growth in red light, suggesting a possible need for
the protein kinase or inositol kinase function of the At ITPK1 in
photomorphogenesis.
Further evidence that the PI pathway is involved in develop-
mental patterning comes from studies of PtdIns4P-speciﬁc regula-
tion of the stem cell factor Poltergeist (Gagne and Clark, 2010) and
from studies of A. thaliana PIP5K isoforms on root development
(Mei et al., 2011). Whether these phenotypes are related primar-
ily to membrane trafﬁcking, PM signaling or to direct effects on
nuclear regulation requires further investigation.
THE PI PATHWAY AND PLANT HORMONE REGULATION
Growth, development and stress responses are controlled by many
different factors including the growth regulators, auxin, and JA.
Auxin and JA both have nuclear receptors (TIR1 andCOI1, respec-
tively) that bind their respective hormones and regulate their
respective transcription factors. Intriguingly, an InsP6 binding site
has been identiﬁed in TIR1 and an InsP5 binding site has been
identiﬁed in COI1. There are no reports thus far that distinguish
a role for the nuclear PI pathway versus the cytosolic pathway in
generating these inositol phosphates.
Tan et al. (2007) crystallized and solved the structure of TIR1
and found that InsP6 was crystallized with auxin in the binding
pocket. The current hypothesis is that InsP6 is a cofactor for auxin
perception that allows auxin to bind tighter to TIR1. Computer
simulations by Hao and Yang (2010) suggest a structural shift in
the TIR1 receptor that requires InsP6 to stabilize a binding pocket
for auxin. This stabilization also creates a conformational change
in the TIR1 receptor that is favorable forAux/IAA protein binding,
supporting the hypothesized role for InsP6 in auxin perception of
the TIR1 protein.
The JA pathway-mediated by the COI1 receptor is also regu-
lated by the inositol phosphates. Sheard et al. (2010) identiﬁed
InsP4 and InsP5 as cofactors that co-puriﬁed with the COI1 and
JAZ9 JA sensing complex. In yeast two hybrid analyses, increased
levels of InsP5 correlated with an increased binding between COI1
to JAZ9. Further experiments tested the effects of InsP5 in planta.
ipk1-1 mutants, which have increased InsP5, showed increased
JA responses to wounding and decreased herbivory (Mosblech
et al., 2011). In contrast, plants expressing human InsP5Tase with
decreased InsP3, InsP5, and InsP6 (Perera et al., 2008), show
decreased JA responses and increased herbivory (Mosblech et al.,
2008). These experiments suggest that in planta, the cellular con-
tent of InsP5 affects the JA pathway through modulation of the
COI1 and JAZ9 interaction. It is interesting that Sheard et al.
(2010) also found activity with InsP4, suggesting a role for InsP4
in vivo, and highlighting the complexity of the inositol phosphate
nuclear code in plants.
POTENTIAL FUNCTIONS OF THE PI PATHWAY IN PLANT
NUCLEI
While studies of the plant PI pathway and DNA repair, recombi-
nation and telomere length have not been reported, we can learn
much from data from other organisms. Inositol phosphates and
inositol pyrophosphates havebeen identiﬁed asmajor components
of DNA maintenance pathways including repair, recombination
and telomere length. InsP6 binds and regulates the DNA repair
protein complex protein Ku70 (Cheung et al., 2008), which in
turn regulates a non-homologous end joining (NHEJ) complex
(Hanakahi and West, 2002; Ma and Lieber, 2002). Additionally
a direct connection between amount of inositol phosphates and
NHEJ activity was demonstrated (Byrum et al., 2004). Inositol
pyrophosphates have been identiﬁed to affect recombination in
yeast. The yeast inositol hexakisphosphate kinase (InsP6K) that
produces InsP7 and InsP8 was ﬁrst identiﬁed as a repressor of
the hyper-recombination phenotype of protein kinase C (kinase
C suppressor 1, KCS1; Huang and Symington, 1994). A func-
tional KCS1 enzyme was shown to be essential for repression of
the hyper-recombination phenotype (Luo et al., 2002) suggesting
that an inositol phosphate product (InsP7, InsP8, Luo et al., 2002;
PP-InsP4 and others reviewed in York, 2006) or another KCS1
enzymatic activity is needed for the repression.
Regulation of telomere length is a crucial part of DNA pro-
cessing in eukaryotes (reviewed in d’ Adda di Fagagna et al.,
2004; reviewed in Smogorzewska and de Lange, 2004; Schmitt
et al., 2007). An elegant set of experiments showed that increasing
PP-InsP4 resulted in decreased telomere length, anddecreasingPP-
InsP4 increased telomere length in yeast. These experiments also
showed that when the DNA-PK-like protein Tel1 was mutated, no
inositol phosphate-dependent telomere regulation was observed
(York et al., 2005). Like Te1, human ataxia telangiectasia mutated
(ATM) is also homologous toDNA-PK (Greenwell et al., 1995) and
cells with mutated atm show decreased myo-inositol metabolism
(Yorek et al., 1999). Like yeast and mammals, plants have DNA-
PK homologs, ATM and ATR, which regulate telomere length
and response to NHEJ (Vespa et al., 2005). The DNA-PK fam-
ily of proteins share sequence homology with the PI3K enzymes
(Poltoratsky et al., 1995), suggesting an ancient regulatory role.
Given the conservation of function of ATM homologs in plants,
animals, and yeast, it would not be surprising if plant ATM is
regulated by the nuclear inositol phosphates.
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CONCLUSION
Studies in plants make a compelling argument for a developmen-
tal and regulatory role for the PI pathway in the nucleus. We have
enumerated the PI pathway enzymes and lipid activities associated
with plant nuclei.More sensitive detectionmethods are needed for
detailed analyses of plant PI pathway lipids and enzymes in both
the cytosolic and nuclear fractions during different developmental
stages and stress responses. Attention to the crosstalk and move-
ment of lipids and enzymes between the discrete subcellular PI
pathways will be critical for future understanding of the role of the
nuclear PI pathway in plants. As demonstrated by the interactions
between inositol phosphates and the nuclear auxin and JA recep-
tors, it is anticipated that future research will uncover additional
plant-speciﬁc processes mediated by the nuclear PI pathway.
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